In this work, we have shown that hepatitis C virus (HCV) and hepatitis B virus (HBV) can coexist in the same hepatocyte using double fluorescent in situ hybridization in liver biopsy samples from patients with chronic HCV infection with occult HBV infection. Digital image analysis of hybridization signals showed that the HBV DNA levels in coinfected hepatocytes were lower than those in cells infected only with HBV. This finding supports the hypothesis of inhibition of HBV replication by HCV. Furthermore, HCV RNA levels were lower in coinfected cells than in cells infected only with HCV, suggesting that HBV may also inhibit HCV replication.
Hepatitis B virus (HBV) belongs to the Hepadnaviridae family of animal viruses, and its genome consists of a circular partially double-stranded DNA molecule of 3.2 kb in length which contains four overlapping reading frames that code for surface proteins (HBsAg), core proteins (HBc/HBeAg), the viral polymerase, and the transcriptional transactivator X protein (HBx) (9) .
Hepatitis C virus (HCV) is classified in the Hepacivirus genus of the Flaviviridae family, and its genome is a positive-stranded RNA of 9.6 kb in length that encodes a large polyprotein that undergoes proteolytic processing by cellular and viral proteinases to generate the individual viral proteins (17) .
As HBV and HCV share similar transmission routes, coinfection with the two viruses is not a rare event (3, 6, 7) . Clinical data obtained from chronic HBV carriers superinfected with HCV suggest that HCV may inhibit HBV replication (13, 15, 20) . This hypothesis is supported by the fact that patients with chronic HCV infection frequently have a special form of HBV infection, termed occult HBV infection (2, 8, 10, 12) . This is characterized by the presence of low levels of HBV DNA in serum and/or in liver in the absence of detectable HBsAg in serum. This inhibition may be mediated by the host immune response (via the induction of cytokines such as interferons) or by a direct effect of HCV proteins. In this regard, it has been shown that HCV core and NS2 proteins inhibit HBV replication and gene expression in vitro (4, 5, 19, 21, 22) .
Direct interference mediated by HCV proteins can occur in vivo only if both HBV and HCV coexist in the same hepatocyte. However, it has not been demonstrated whether HBV and HCV infect the same cell in the liver of patients coinfected with the two viruses. To address this issue, we have used double fluorescent in situ hybridization to determine the presence of HBV DNA and HCV RNA in liver biopsy samples from six patients with chronic hepatitis C (anti-HCV positive, serum HCV RNA positive) and occult HBV infection (HBsAg negative, serum HBV DNA positive).
Patients underwent a liver biopsy for diagnostic purposes. After liver samples were obtained, they were divided into two portions. One fragment was processed for histological diagnosis and for in situ hybridization, and the other was embedded in RNAlater (QIAGEN, Hilden, Germany) in less than 30 seconds after being obtained and stored at Ϫ20°C. At the time of the liver biopsy, a serum sample was obtained from each patient for the determination of HBV DNA and HCV RNA concentrations. All patients gave their written informed consent to participate in the study.
As mentioned above, all patients were persistently positive for HBV DNA in serum, and at the time of the liver biopsy, the mean HBV DNA concentration in serum was 2.4 ϫ 10 3 Ϯ 1.8 ϫ 10
3 IU/ml as tested by the Amplicor HBV Monitor test v.2.0 (Roche Diagnostics SL, Barcelona, Spain).
In situ hybridization was performed as described previously (11, 16) except that the HBV and HCV probes were labeled with digoxigenin-11-dUTP and biotin-16-dUTP (Roche Molecular Biochemicals, Indianapolis, IN). HBV hybrids were detected with an antidigoxigenin fluorescein isothiocyanateconjugated antibody (green fluorescence), and the HCV hybrids were detected with avidin-rhodamine (red fluorescence) (Roche Molecular Biochemicals). Slides were counterstained using 4Ј,6Ј-diamidino-2-phenylindole (blue fluorescence). Signals were visualized in a Nikon Eclipse E-400 light epifluorescence microscope. Images were captured with a high-sensitivity charge-coupled device camera (Leica DFC 300FX; Leica Microsystems, Switzerland) and 24-bit red-green-blue color depth and stored as tagged image file format files.
In all six patients, hepatocytes infected by only HBV, by only HCV, or by both viruses were detected (Fig. 1) . The mean percentage of infected hepatocytes was 7.9% Ϯ 7.5%. Of these, 12% Ϯ 11.7% were infected only by HBV, 42.2% Ϯ 19.1% only by HCV, and 45.8% Ϯ 18.4% by both viruses. To determine whether there was an inhibition of HBV or HCV replication in coinfected hepatocytes, the intensity of fluorescence signals corresponding to HBV DNA and HCV RNA was measured in single-infected and double-infected hepatocytes by digital image analysis. To avoid differences due to the efficiency of in situ hybridization, the intensity of fluorescence signals in single-infected hepatocytes was compared to intensity in double-infected cells within the same tissue section.
This analysis showed that the intensity of fluorescence signals corresponding to HBV DNA was 1.6 Ϯ 0.16 times higher (range, 1.44 to 1.82) in hepatocytes infected only by HBV than in those coinfected by HBV and HCV (Fig. 2) , although the differences were not significant. Similarly, the intensity of fluorescence signals corresponding to HCV RNA was 1.83 Ϯ 0.5 times higher (range, 1.45 to 2.74) in single-infected than in double-infected cells (Fig. 2) , but without statistical significance. These data suggest that there may be a mutual inhibition of the replication of the two viruses in hepatocytes coinfected by HBV and HCV. This finding is in agreement with previous reports in which inhibition of HCV replication by HBV in coinfected patients has been also suggested (14, 18, 23) .
To analyze further the possible inhibition of HCV replication by HBV, serum HCV RNA concentration and levels of (1), were tested in the six patients with chronic hepatitis C and occult HBV infection in comparison to levels in 10 patients with chronic HCV infection without HBV infection. Patients were matched for gender, age, alanine aminotransferase levels, HCV genotype, and known duration of HCV infection (Table 1) . These 10 patients underwent a liver biopsy for diagnostic purposes, and liver samples were processed as described above. The serum HCV RNA concentration (tested using the Amplicor HCV Monitor test; Roche) was significantly lower (P ϭ IU/ml) than in patients with chronic hepatitis C without HBV infection (mean Ϯ SEM, 7.66 ϫ 10 5 Ϯ 1.28 ϫ 10 5 IU/ml). For quantitation of the antigenomic HCV RNA strand, total RNA was isolated from the liver biopsy sample fragments preserved in RNAlater. Synthesis of cDNA was performed with Tth polymerase (Applied Biosystems, Foster City, CA) using 0.5 g of total RNA and the sense primer 5Ј-CTTCAC GCAGAAAGCGTCTA-3Ј. After addition of the antisense primer 5Ј-CAAGCACCCTATCAGGCAGT-3Ј, real-time PCR was performed using the LightCycler FastStart DNA Master SYBR Green I kit (Roche Molecular Biochemicals). The reaction was run in a Light Cycler (Roche Molecular Biochemicals). The specificity of the assay was tested using synthetic genomic and antigenomic HCV RNA, and it was shown that it is capable of detecting 3.2 copies of the correct strand while detecting 10 7 to 10 8 of the incorrect strand. The amount of the antigenomic HCV RNA strand was lower in patients with occult HBV infection (mean Ϯ SEM, 1.32 ϫ 10 5 Ϯ 4.38 ϫ 10 4 copies/g of total RNA) than in patients without HBV infection (mean Ϯ SEM, 5.7 ϫ 10 5 Ϯ 3.1 ϫ 10 5 copies/g of total RNA), although without statistical significance. This finding is in agreement with the hypothesis of the inhibition of HCV replication by HBV in coinfected patients.
In conclusion, in this work we have demonstrated that HBV and HCV can infect the same hepatocyte in the liver of patients coinfected by the two viruses. Our results also suggest that, apart from the possible involvement of the host immune response in the inhibition of the replication of HBV and HCV, a direct mutual inhibition of the replication of the two viruses in coinfected cells may also occur.
